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We present an 27Al NMR study of the metal cluster compound Al50Cp*12 which
is composed of (identical) Al50 clusters, each surrounded by a Cp* ligand shell,
and arranged in a crystalline 3D array (here Cp* = pentamethylcyclopentadie-
nyl = C5(CH3)5). The compound is found to be non-conducting, the nuclear
spin-lattice relaxation in the temperature range 100–300 K being predominantly
due to reorientational motions of the Cp* rings. These lead to a pronounced
maximum in the relaxation rate at T 170 K, corresponding to an activation
energy of about 850 K. Data for the related compound Al4Cp*4, containing very
much smaller Al4 clusters are also presented. A comparison is drawn with the
quadrupolar relaxation recently observed for the non-conducting fraction of Ga84
molecules in the metal cluster compound Ga84[N(SiMe3)2]20-Li6Br2(thf)20Æ2toluene.
KEY WORDS: metal clusters; NMR; quadrupolar relaxation.
INTRODUCTION
The synthesis of molecular metal cluster compounds presents an attractive
chemical route for the generation of self-organized nanostructures com-
posed of 3D ordered arrays of identical metal nanoparticles embedded in a
dielectric matrix [1–9]. These stoichiometric compounds form macromolec-
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ular solids, in which the cores of the macromolecules can be seen as minute
pieces (clusters) of metals, surrounded by shells of ligand molecules, which
pacify the bonds left open at the surfaces of the metal cores in order to
prevent the thermodynamically favored formation of the bulk metal. The
cluster-molecules can be ions, forming ionic compounds together with
suitable counterions. Or they can be electrically neutral and crystallize into
molecular solids through intermolecular Van der Waals bonds. The ‘‘self-
organized 3D nanostructures’’ produced by the crystallization process can
thus be viewed as arrays of identical metal nanoparticles, embedded in the
dielectric matrix formed by ligands and, if present, the counterions. In the
overwhelming majority of compounds studied so far, electron transfer
between clusters proved negligible, the materials being electrically insulating
(only hopping-type conductivity was observed [10, 11]). Accordingly, the
experiments were probing single-particle properties at the nano-scale, such
as surface eﬀects, quantum-size eﬀects and the size-induced metal–nonmetal
transition [12–15].
On the other hand, on basis of the strong similarity with (super)con-
ducting molecular crystals like the alkali-doped fullerenes, it has been
suggested [8] that under suitable conditions metal cluster compounds could
likewise show metallic conductivity (or even superconductivity) due to
intermolecular charge transfer. Indeed, recently compelling evidence was
obtained from 69,71Ga-NMR studies [16] for the occurrence of band-type
conductivity by intercluster charge transfer in crystallographically fully
characterized Ga84 cluster compounds, composed of giant Ga84 cluster
molecules that display mixed-valency properties [17, 18]. In addition bulk
superconductivity has been observed for these compounds [19–21] below a
transition temperature Tc 8 K, much higher in fact than known for bulk -
Ga metal ( Tc 1 K).
At present the detailed mechanisms underlying the intercluster charge
transfer responsible for the metallic properties in the Ga84 compounds are
still unknown. In what way are these compounds diﬀerent from the great
majority of analogous ionic molecular cluster compounds found to be
insulating? To answer such questions is crucial when one attempts to ﬁnd
other examples. In the present note we report a 27Al NMR study on
Al50Cp*12, which is another giant molecular cluster compound recently
discovered [22], where Cp* = pentamethylcyclopentadienyl = C5(CH3)5.
Writing the chemical formula as Al50C120H180 underlines the fact that the
molecular structure can be brieﬂy described as a pseudofullerene shell of 60
carbon atoms and 60 methyl groups, protecting a cluster core of 50 Al
atoms. In the following we denote the material by Al50 in a shorthand
notation. Since the cluster molecules are neutral and the HOMO/LUMO-
derived gap of the molecular crystal can be expected to be large, electrical
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conductivity would not be expected in this material, as conﬁrmed by the
experiments described below. Nuclear relaxation in this material turns out
to be predominantly determined by the quadrupolar relaxation channel. As
will be shown below, the relaxation in Al50 is drastically aﬀected by hindered
reorientational motions of the Cp* groups, which form a ‘‘surface layer’’
around the Al50 cores. For comparative reasons, we also performed
27Al
NMR experiments on the related cluster compound Al4Cp*4 (denoted by
Al4), having a much smaller metal core but with the same ligand [23].
SAMPLE DESCRIPTION
Full descriptions of the molecular structures of Al4 and Al50 can be
found in Refs. [23] and [22].
The unit cell of the Al4 sample is triclinic (space group P1), with
a = 1.08326(5) nm, b = 1.09742(3) nm, c = 1.81366(5) nm, a = 82.95,
b = 82.11 and c = 66.86 (at 200 K). It contains two Al4 clusters located
at (0.29639,0.22294,0.25032) and (0.70361, 0.77704, 0.74968). The diameter
of one cluster is of order 0.7 nm whereas the distance between the center of
two nearest neighboring clusters is 1.356 nm.
In the case of Al50, the cell parameters are a = 1.93530(39) nm,
b = 2.15890(43) nm, c = 2.18180(44) nm in an orthorhombic lattice
system (Pnnn), with two clusters per unit cell, whose centers are at position
(3/4, 1/4, 1/4) and (1/4, 3/4, 3/4). The diameter of the clusters is 1.5 nm
whereas the distance between two nearest neighboring clusters is about
1.8 nm. They consist of a central Al8 core, surrounded by an icosidodeca-
hedral Al30 shell, and an outer icosahedral Al12 shell. Each Al atom of this
external shell is linked to a Cp* molecule.
In Fig. 1a and b, we show a representation of the whole molecules, with
the CH3 groups at the periphery included. The measurements described
below were taken on a single crystal of Al50 (1 mg) and on powder samples
(15 mg) of both materials.
EXPERIMENTAL RESULTS
The 27Al (spin I = 5/2, gyromagnetic ratio c/2p 11.094 MHz/T)
NMR experiments were performed in an external magnetic ﬁeld B0 9.3 T
in the temperature range 70 K £ T £ 300 K. We used either a conven-
tional p/2–s–p pulse sequence (measuring the spin-echo), or a free induction
decay signal.
In a powder sample of Al4, one main
27Al line is measured, as expected
from the single site, as shown in Fig. 2. It is centered at 102.883 Mhz,
corresponding to a chemical shift of about )90 ppm, which is close to the
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Fig. 1. (a) Structure of an Al50Cp*12 cluster. The Al50 core (Al8 (blue)-Al38 (yellow)-Al12
(blue) shells) and the ligands (12C5(CH3)5 rings) are shown. (b) Al4Cp*4 molecule. The
aluminum atoms are in blue. In both molecules the carbon atoms are in grey and/or black,
the hydrogen atoms in red.
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value )80.8 ppm measured in solution [23]. We remind that in Al metal, the
Knight shift is 1640(10) ppm (corresponding to m 103.07 MHz here) [24].
In addition to this main line, two small signals can be discerned at
frequencies of about 102.86 and 102.87 MHz. As will be seen below, also in
Fig. 3. Comparison of the 27Al spectra measured in Al50 with the SC (thin line) and the
powder sample (h). The symbols + show the sample holder (SH) signal, only present for
the powder sample measurement. The thick line is a subtraction (¢h¢–¢+¢), corresponding to
the sample signal, which is in good agreement with the SC case.
Fig. 2. 27Al spectra in the powder of Al4 and in the Al50 single crystal (SC) at 290 K.
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the powder and single crystal spectra of Al50 (Figs. 2 and 3) two small
signals can be discerned at these same frequencies. We suspect them to
originate from an Al compound present in the catalyst used in the
polymerization of the material (PCTFE – polychlortriﬂuorethene) from
which the sample holders were machined. In view of the extreme reactivity
of the samples, we cannot fully exclude as another possible origin the
presence of small amounts of impurity phases to have developed at the
sample surfaces, in spite of all our precautions. At any rate, we shall not
consider these spurious signals in the discussion of the spectra given below.
Concerning Al50, the spectrum measured on the single crystal at room
temperature displays three diﬀerent 27Al lines, that we label a, b, c in Fig. 2,
respectively centered at 102.845(5) MHz, 102.887(5) MHz and
102.913(5) Mhz. Their respective weights (shifts) are of order 65%
()460 ppm), 23% ()50 ppm) and 12% (200 ppm) [25]. Considering that
there are three diﬀerent Al moieties, in proportion 60% (Al30), 24% (Al12)
and 16% (Al8), with respective theoretical shifts in solution of )372.9, 108.5
and )269.8 ppm [22], we attribute the line a to the Al30 shells. Since there is
some uncertainty in the intensities, and since the observed shifts correspond
quite well to the theoretical values, we attribute the line b to the Al8 and the
line c to Al12. In view of the small size of the single crystal, relaxation studies
were performed on a powder sample. Both spectra are compared in Fig. 3.
In the course of the powder sample measurements, it became clear that part
of the line centered at 102.894 MHz came from a coupling of the NMR coil
in this experiment to an (unknown) Al component in the environment of the
probe. This became clear by measuring the signal of the empty coil (EC) in
the same conﬁguration (+ symbols in Fig. 3). By isolating the NMR probe
suﬃciently, this spurious contribution could be avoided in the other
experiments. Up till now we were not able to measure the spectrum of the
powder with another sample holder since the powder sample became
deteriorated after the experiment. However, the subtraction of the empty
holder signal in case of the powder experiment yields a similar spectrum as
for the single crystal (in which case we checked that the EC signal was not
present). In any case, it is clear from Fig. 3 that the line a, representing 60%
of the Al sites, can be well isolated in the spectrum. The lines b and c can
also be distinguished. The signal below 102.8 MHz and above
102.93 MHz is probably due to the usual quadrupolar powder pattern
[26], although we did not manage to measure any satellite on the single
crystal.
In both Al4 and Al50 the
27Al spectra are found to be temperature-
independent, as illustrated in Fig. 4, where the intensity of each spectrum
has been multiplied by the temperature value in order to account for the
paramagnetic susceptibility of the nuclear spins. It indicates among others
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that the transverse relaxation time T2 is temperature independent, as
expected from dipole-dipole (ﬂip-ﬂop) interactions [27], We measured its
value at 290 K in both samples, by changing the time s between the two rf
pulses and measuring the intensity of the spin echo, the center of which is at
a time t 2s + 1.32 tp after the end of the p/2 pulse (tp is the duration of the
p-pulse) [28]. The results are displayed in Fig. 5. We used an exponential
Fig. 5. Spin echo intensity versus the time t for both samples Al4 and Al50 at room temper-
ature (line a in the case of Al50). The lines are single exponential ﬁts.
Fig. 4. 27Al spectra measured with the powder sample for several temperatures (the spuri-
ous phase is not subtracted).
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decay to ﬁt the data (lines in Fig. 5) and ﬁnd T2 = 610±50 ls and
T2 = 260±10 ls, respectively in Al4 and in Al50.
When the transverse relaxation time T2 is due to ﬂip-ﬂop processes in a












where the sum is taken over the nuclear like-spin sites (in our case, 27Al
sites). Flip-ﬂop processes between 27Al nuclei in the same Al50 cluster
would yield T2 £ 3 ls, given the distance of order 280 pm between two
nearest neighbors. This is much faster than the measured value. However,
as proposed for the magnetic cluster compound Mn12-acetate [29], it is
clear that such intracluster ﬂip-ﬂops may not equilibriate the nuclear mag-
netization over the whole crystal. For that, the (much) slower intercluster
nuclear spin ﬂips have to be considered. Taking for rk the distance be-
tween the centers of the cluster molecules of the crystal, the calculation
yields T2 170 ls and T2 230 ls, respectively in Al4 and in Al50. The
latter value is in good agreement with the measurement. The Al4 value is
about three times smaller than the measurement. This may be due to the
fact that the line is much narrower (see Fig. 2), leaving less possibility for
spectral diﬀusion than in Al50.
We also measured the temperature dependence of the longitudinal
relaxation time (T1). For this, we applied a p-pulse before waiting for a time
t and measuring the echo. The resulting magnetization recovery curves were
ﬁtted using the function suited for the central transition ()1/2M 1/2) of
nuclear spins I = 5/2, i.e., [30],
M tð Þ
M 0ð Þ ¼ 1
2
35
exp  t=T1½ að Þ  16
45
exp  6t=T1½ að Þ
 100
23
exp  15t=T1½ að Þ:
ð2Þ
Here the stretching exponent a is a parameter that takes into account
the possible distribution of T1 over the sites in the sample. Notice that this
formula is in principle valid only in the case of purely magnetic ﬂuctuations.
In the absence of those, the relaxation of the nuclei will be due to the
ﬂuctuations of the transverse components of the electric ﬁeld gradient,
through the Dm = 1, 2 relaxation transition probabilities W1 and W2 [27].
In this case the relaxation is called quadrupolar and the exact ﬁtting
functions, much more complex, are given by Suter et al. in Ref. [30].
However, the same authors point out that even in case of strong
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quadrupolar ﬂuctuations (and vanishing magnetic ones), a ﬁt with Eq. (2)
will give the good order of magnitude for T1 [30], and can therefore be used
in most cases. Magnetization recovery curves are displayed in Fig. 6, with a
normalized abscissa. It shows that the shape of M(t)/M(0) is temperature
independent. The presence of several 27Al inequivalent sites in the cluster
probably yields a distribution of T1, usually responsible for a<1. The ﬁt
yields a = 0.65(5) in the case of Al50 (see the line in Fig. 6).
The temperature dependence of T1
)1 is reported in Fig. 7. Contrary to
Ga84, the Korringa law, i.e., T1
)1 = aT, characteristic of a metal, is not
followed. The dashed line in Fig. 7 sketches T1
)1 expected for 27Al in
metallic Al (a = 0.54(2) s)1 K)1 ) [31]. Al50 is therefore clearly non-metallic.
The conduction electron spins usually oﬀer the most eﬃcient relaxation
channel in metals. Here, their absence implies a relatively small relaxation
rate T1
)1, due fully to quadrupolar ﬂuctuations. As seen in Fig. 7, T1
)1
increases when the temperature is decreased from room temperature,
displays a maximum around 175 K and decreases below. The relaxation rate
is much lower in Al4 which means that the quadrupolar ﬂuctuations are also
smaller.
DISCUSSION
A pronounced maximum in the temperature dependence of the nuclear
spin relaxation rate, as measured here for Al50, was already reported in
Fig. 6. Magnetization recovery curves for Al50 for three temperatures. The line is a ﬁt with
Eq. 2 and a = 0.65. The abcissa is normalized by the respective T1 values obtained with this ﬁt.
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several compounds, where molecular motions in a multiwell potential frame
are responsible for this quadrupolar relaxation behavior [32–36]. Here,
either the rotation of CH3 groups or reorientational motions of the Cp*
rings can be responsible for these motions.
Using the equation [33]
T11 ¼ As= 1þ xsð Þ2
h i
; ð3Þ
with s = s0 exp(Eeﬀ/T), we ﬁnd s0 = 10±1 10)12 s and Eeﬀ =
850±20 K. The function may be slightly diﬀerent, in particular due to
some possible high temperature eﬀects accounting for the levelling oﬀ above
250 K (e.g., / T2, like in Ref. [34]), that we cannot determine within our
temperature range. Although this would yield a better ﬁt, the parameters s0
and Eeﬀ would remain of the same order of magnitude.
The value obtained for the activation energy appears a bit too high to
be attributed to rotational tunneling of the CH3 groups. For CH3 rotors
appearing in benzene derivatives values for Eeﬀ are typically in the range of
10–50 meV (100–500 K), see the recent compilation of Prager and Heide-
mann [35]. On the other hand, barriers for ring re-orientations are typically
of the order of a few tens of kJ/mol (1000 K) [36]. It appears therefore
more plausible to attribute the observed dynamics to reorientations of the
Cp* rings.
Fig. 7 Temperature dependence of the quadrupolar relaxation rate 1/T1, measured on the
line a for Al50. The dashed line sketches the Korringa law expected in Al metal for
27Al. The
continuous line is a ﬁt with Eq. 3.
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Interestingly, the small cluster compound Al4Cp*4 does not show any
evidence for hindered rotational motions in the investigated temperature
range. Apparently, the rotational barriers for ring reorientations are much
higher than for the Al50Cp*12, probably due to a denser packing in the
smaller cluster compound.
In the investigated temperature range the values for the rate found for
the Al4 compound are a factor of 50 lower than for Al50. They are also lower
by an order of magnitude than the 71Ga quadrupolar relaxation rates
recently observed [20] for the non-conducting fraction of Ga84 molecules in
the cluster compound Ga84[N(SiMe3)2]20Li6Br2 (thf)20-2toluene. A compi-
lation of the relaxation data observed for these three systems is made in
Fig. 8. We note that, also for the Ga84 compound the temperature
dependence of the rate as found above 100 K is much steeper (T4) than
expected for phonon-induced quadrupolar relaxation (T2). This suggests
the contribution of another relaxation channel in this range, similar as
found here for the Al50 compound.
In conclusion we can state that the here reported studies demonstrate
the profound inﬂuences which molecular motions in the ligand shells may
have on the nuclear relaxation of metal atoms in the inner cores of
molecular metal cluster compounds. Obviously, proton NMR experiments
on the ligand molecules themselves should provide valuable complementary
information to the present study. We hope that such data will become
available in a near future.
Fig. 8 Comparison of the nuclear relaxation rates in Al50, Al4 and in the non-conducting
(NC) fraction of the Ga84 compounds.
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